PACS. 75.70.Kw -Domain structure (including magnetic bubbles). PACS. 75.75.+a -Magnetic properties of nanostructures. PACS. 02.70.Dh -Finite-element and Galerkin methods.
Introduction. -Patterned magnetic thin films have attracted much attention from both theoreticians and experimentalists in the past five years for at least two reasons: i) they provide a unique opportunity to study the effect of lateral confinement on the spin arrangements as well as on the magnetization processes [1] [2] [3] [4] [5] [6] [7] ; ii) they are a potential candidate for high-density and fast-switching recording [8, 9] . So far, much of the effort has been devoted to soft magnetic materials such as permalloy and iron in which the magnetization lies predominately in the film plane. The effect of lateral confinement on a perpendicular medium has hardly been addressed. The reason for the lack of research in this area is perhaps due to its unapparent nature: while it is clear that the in-plane magnetization tends to align with the sample geometric curvature to minimize magnetic surface charges( 1 ), it is not evident whether the out-of-plane component can sense the lateral confinement, since it does not create magnetic poles at the lateral surface. The goal of the present work is to show that the shape can have a decisive impact on the domain structure of a thin-film element with a perpendicular magnetic anisotropy. More specifically, it will be argued that the demagnetizing field of a uniformly magnetized state along the film normal direction favors the fragmentation of the single perpendicular domain into "concentric domains", each of which mimics the in-plane geometric shape of the element. Concentric domains will be demonstrated in various geometric shapes using a finite-element micromagnetic technique (see fig. 1 ). Material parameters and numerical method. -Tetragonally distorted fcc-Ni(001) films are the chosen material for the present investigation. The biaxial tensile strain in the nickel layer can provide a strong perpendicular anisotropy because bulk nickel is a highly negative magnetostrictive material among the 3d transition metals and their alloys. For example, the nickel in the Cu/Ni/Cu(001) system has been shown to exhibit an out-of-plane easy axis of magnetization for a wide range of film thicknesses: 3 nm ≤ t ≤ 12 nm [10] [11] [12] [13] ; and for thicker films (t > 70 nm), ripple domains are also observed [14, 15] . In this study, the strain in the nickel layer is modelled to be uniform and decrease with increasing film thickness. More specifically, it is taken to have a t −2/3 behavior as found by Ha et al. [16] in their Cu/Ni/Cu(001) stacks( 2 ). In addition, the two nickel interfaces are assumed to be identical in the calculation, though this may not be realizable in an actual experiment because of the growth asymmetry even with the same material. The saturation magnetic polarization J s used in the calculation is 0.61 tesla with the exchange stiffness constant A = 1.0 × 10 −11 J/m. The numerical method is based on Brown's principles of static micromagnetics. The calculation is done using finite elements combined with the boundary integral method or FEM-BEM. The energy of the system is modelled to consist of the exchange, stray field, uniaxial perpendicular anisotropy which is provided by the inverse magnetostriction effect, and the Néel-surface term. A stable magnetic configuration is obtained by seeking a minimum in the total energy by means of self-consistency; that is, the demagnetizing field is first calculated using an assumed magnetic configuration which is allowed to relax in the presence of this same stray field. It is then re-calculated from the new minimum-energy configuration. The whole process repeats until a self-consistent solution is obtained. A more detailed discussion of the numerical method can be found in ref. [17] .
( 2 )In reality, the strain is certainly not uniform. Further, the actual strain state of the tetragonally distorted nickel layer is quite sensitive to the growth conditions and even the thickness of the capping layer [13] . Numerical results. - Figure 1 shows stable domain structures of the nickel films confined to the geometric shapes of a cylindrical disc, rectangular and triangular prisms, and a pacman. These domain structures are obtained by allowing a uniform perpendicular magnetization to relax to an energy-minimum configuration in the absence of a magnetic field. The observed patterns are ordered bands of alternating up and down domains. The shape of each band reflects the in-plane geometry of their respective element: circular domains in the disc, rectangular domains in the rectangular prism, and so forth. Because these domains share a common center (more or less) in the element, they are thereby referred to as concentric domains. The number of concentric bands that can be supported in an element depends strongly on its size: the larger the element, the more bands it can accommodate. The exact number is the result of the balance between the need to minimize the stray field and domain-wall energy. In some elements, the magnetization in a domain may not fully point out of the film plane, as this is the case for the one at the center of the rectangular prism (M z /M s = −0.54). The degree of canting reflects the compromise among the various energy terms, namely the stray field, exchange, bulk and surface anisotropies. Lastly, it is interesting to see the sharp corners of the prisms and pacman appear smoother in the domains, as this would be expected because any drastic variation in the magnetization would cost too much exchange energy.
Discussion. -Though the concentric ring domain structure has been observed in the literature [18] [19] [20] , no clear explanations were given as to how the out-of-plane component of the magnetization senses the in-plane geometric confinement. Since domain formation is usually the result of the need to minimize the stray field energy, it is reasonable to begin the inquiry by examining the demagnetizing field of the initial state. Figure 2 shows the contour plot of the normal component of the demagnetizing field H z for each of the elements discussed above, when they are fully magnetized perpendicular to the film plane. These are cross-sectional views of the central plane parallel to the film surface of their respective element. The color contrast reflects the non-uniform nature of the demagnetizing field, as one would expect from a non-ellipsoidal element [21] [22] [23] . For a more in-depth look at the field profile, fig. 3 shows the magnitude of H z as a function of position from the center to the perimeter of the disk( 3 ). The plot reveals that the demagnetizing field is weakest at the perimeter and strongest at the center. This is because there are less magnetic surface charges to generate the field near the in-plane boundary. More quantitatively, there is a difference of 223 kA/m or 2802 Oe, which says that the magnetization at the perimeter is much more firmly held out-of-plane than that in the interior by the anisotropy field because the former ( 3 )Two estimates of the profile are given: one (the line of circles) is our result from our micromagnetic code; the other (the solid line) is obtained by directly integrating the following integral over the magnetic charges at the top and bottom surfaces [24] :
Here, the z-axis is taken to be along the disk normal direction, n z is the z -component of the surface unit vector (n z = 1 or −1 for the top and bottom surfaces, respectively). Obviously, the two results are in good agreement. Their comparison gives a confirmation that the demagnetizing field is correctly calculated in the micromagnetic program.
is subjected less to the demagnetizing effect. This field difference in the demagnetizing field, combined with the fact that the contour lines of H z (the solid lines in fig. 2 ) have the inplane symmetry of the element shape -radial symmetry in the disk, 3-fold symmetry in the triangle, and so forth-make the concentric domains structure more accessible over other stable magnetic configurations.
To elucidate the favoring of the concentric domain state by the demagnetizing field, let us examine the fragmentation process from the point of view of energy minimization. Starting from a uniformly magnetized state along the disk normal direction, the single-domain state would find it energetically more favorable to break into a multiple-domain structure to save the stray-field energy. But the fragmentation process is not likely to occur at the boundary because there the magnetization is firmly held out of plane for the reason discussed above. Instead, pocket(s) of opposite domain will form in the disk interior and evolve in such a way as to provide an efficient way to close the flux field generated by the outermost domain. In other words, the geometry-adopted variation of the demagnetizing field paves the way for the formation of the concentric domains. Though not shown in this paper, an examination of the in-between states during the minimization process gives a confirmation to the above argument.
The whole argument for the observation of concentric domains hinges on the starting configuration being uniformly magnetized in the film normal direction. If this is not the case, they may not be as accessible, simply because the spatial variation of the normal component of the demagnetizing field no longer follows the element shape. Hence there would be no "template" from which the fragmentation process is to begin. This intuition is indeed confirmed by our simulations. For example, if the starting configuration is a total random state (that is, a state in which the magnetization is randomly distributed in the element) or a state in which half of the disk is magnetized up, the other down, the resulting domain structure is that of random band domains, as shown in fig. 4 .
In short, the lateral geometric confinement on the Ni(001) films has been shown to have a significant impact on their domain structures. More specifically, concentric domains can be observed provided the sample is allowed to relax from an initial saturated state along the film normal direction. The key factor to understand this effect lies in the way in which the demagnetizing field varies spatially in the element. As a final remark, it is important to mention that the fct-Ni(001) system is just a good example by which the lateral confinement effect discussed above can be illustrated. It is by no means the only system in which the phenomenon of concentric domains can be observed.
